Introduction
Species within the LoliumiFestuca complex are closely related, easily hybridized and exhibit promiscuous meiotic recombination (Thomas et al., 1994) .
The two genera are considered to have diverged from a common ancestor and have a basic chromosome number of x = 7 (Malik & Thomas, 1966) .
Within the range of intergeneric Festulolium hybrids available, L. multifiorum ELm) and diploid F pratensis (Fp), or Lm and hexaploid F arundinacea (Fa), show especially high compatibility (Buckner et al., 1961; Cremades & Bean, 1975) and provide a particularly valuable combination of complementary agronomic traits (Thomas & Humphreys, 1991) . Fp and the tetraploid F glaucescens (Fg) are the progenitors of the allohexaploid Fa (FpFpFgFgFg1Fg1) (Humphreys et a!., 1995) . 659 Lewis, 1984; Zwierzykowski et a!., 1994) , and these hybrids are valuable because they combine the good forage quality of Lolium with the high stress tolerance of Festuca. A problem of amphiploid breeding is the high level of homoeologous pairing between the different genomes, which leads to genetic instability and loss of hybridity in later generations.
To overcome this 'genotypical deterioration', an alternative strategy, based on introgression breeding, has been developed (Humphreys, 1989) . This strategy has now been used successfully to transfer drought resistance from Fa into Lm using the pentaploid hybrid Lm (2n = 4x = 28) x Fa (2n = 6x = 42) backcrossed to diploid Lm (2n =2x = 14) as the recurrent parent (Humphreys & Thomas, 1993) . GISH was used to follow the physical location of the introgressed segments, and it was demonstrated that these segments originated from the Fp genome of the Fa parent, and not from Fg (Humphreys & Paakinskienë, 1996) .
It is clear that to maximize the efficiency of such introgression programmes requires the fullest possible understanding of genomic relationships among these Lolium and Festuca species, and only then can determine the ideal partners for use in breeding programmes be determined. It is for this reason that GISH studies were undertaken initially. The first investigations were made with probes from genomic DNA of Fp in the hybrid cultivars and their derivatives from the cross of Lm xFp. These demonstrated that the Fp and Lm genomes could be distinguished on the basis of their total genomic DNAs (Thomas et at., 1994) . In a later study, probes from both Fp and Fg were used to discriminate and to determine the progenitors of hexaploid Fa (Humphreys et at., 1995 
Materials and methods

In situ hybridization
Root-tip mitotic chromosomes of Fa genotype 870 (2n = 42), originating from the Dutch cv. 'Barundi', and of the hybrid between Lp x Fa 870 were prepared after pretreatment in ice-cold water for 24 h, followed by fixation in 1:3 acetic acid-ethanol.
The roots were softened in a mixture of 20% pectinase and 2% cellulase, and then squashed in 45% acetic acid.
In situ hybridization was carried out at the Institute of Grassland and Environmental Research in Aberystwyth, according to the protocol described by Anamthawat-Jónsson & Heslop-Harrison (1996) . To make the probes, total genomic DNAs of Lm, Lp and Fp were sonicated to give fragments of 5-10 kb and labelled with rhodomine-4-dUTP (Amersham), using the standard protocol for the nick translation system (Gibco BRL). A probe was also made from the rDNA clone pTa7l (Gerlach & Bedbrook, 1979) by labelling with fluorescein 12-dCTP. Blocking DNA of 200-500 bp fragments from Fa was prepared by autoclaving for 2 mm. The probe hybridization mixture (40 pL per slide) contained 100 ng of labelled DNA, 4-6 pg of blocking DNA, 50% formamide in 2 x SSC (0.3 M sodium chloride, 30 ifiM trisodium citrate), 10% dextran sulphate and 0.2% SDS (lauryl sulphate). The hybridization mixtures were denatured by boiling for 5 mm, then placed on ice. The chromosome preparations on the slides were denatured using 70% formamide in 2 x SSC at 70°C for 2 mm, dehydrated in an ice-cold ethanol series (70%, 90% and 100% for 2 mm each) and allowed to dry. Hybridization mixtures were then applied to the slides and incubated at 37°C overnight. Slides were washed with 20% formamide in 0.1 x SSC at 42°C for 10 mm and then rinsed three times in 2 x SSC. For reprobing with Fp genomic DNA, the slide was soaked in 4 x SSC with Tween 20, the coverslip removed, and then washed three times in 2 x SSC. The routine procedure starting with denaturation in 70% formamide was then carried out as described above. DAFT-stained and antifade-mounted slides were studied with an epifluorescent microscope. Images were photo- DNA was extracted from leaf material using the method of Doyle & Doyle (1990) . The nonradioactive chemiluminescent method (ECL; Amersham) was used for probe labelling, and hybridization and detection were carried out according to a modification of the manufacturer's instructions.
Total genomic DNA from Lm and rDNA from the clone pTa7l were labelled by cross-linking to horseradish peroxidase with glutaraldehyde. Lm DNA was denatured by boiling for 5 mm before labelling. The rDNA pTa7l clone was used as a probe (5 ng cm-2) on the Southern blots of total genomic DNAs (1 pg per lane) from Lm, Fp, Fg and Fa digested with EcoRI, DraT and BamHI. Lm DNA was used as a probe on the Southern blots of genomic DNAs from Lm (control), Fp, Fg and Fa digested with BamHT.
The nylon membranes were incubated for 30-60 mm at 42°C in ECL hybridization buffer containing 6 M urea, with the addition of 0.1 M sodium chloride for the Lm probe or 0.5 M for the pTa7l probe. Before applying the Lm probe, the membrane was blocked with DNA from Fa (autoclaved for 2 mm) at 42°C for 30 mm. The ratio of the blocking DNA probe DNA was 125 x. Hybridization was carried out at 42°C overnight. After post-hybridization washes at 86% stringency (6 M urea, 0.4% SDS in 0.5 x SSC) for the pTa7l probe and 97% stringency (6 M urea, 0.4% SDS in 0.1 x SSC) for the Lm total DNA probe, hybridization was visualized on film by enzyme-catalysed emission of light by oxidation of luminol to give the luminographs.
Results
In situ hybridization GISH was carried out on Fa (FpFpFgFgFgjFgi) and on the Lp x Fa hybrid. The results are shown in Fig.   1 for a representative single cell of Fa probed in three different ways: (i) total genomic DNA from Lm (Fig. la) ; (ii) combined probe of total Lm DNA + pTa7l (Fig. ib) ; (iii) total genomic DNA of Fp (Fig. ic) ; and for Lp x Fa probed with total Lp (Fig. id) .
It is clear from (Fig. ib) , the marking of chromosomes is even clearer and discriminates at least four out of seven of the Fp chromosome pairs. Pair 1 has an interstitial rDNA site; pair 2 is a metacentric with two GISH bands, symmetrically located in a median position in each arm; pair 3 shows one wide band located adjacent to the centromere, plus a smaller band in the other arm; and pair 4 has a single band at the centromere. Apart from cross-hybridizing to all Fp chromosomes, the Lm genomic DNA acts as a sequencespecific probe and detects the interstitial pTa7l site in Fp and the terminal pTa7l sites in Fg (Fig. la) . There are six rDNA loci (three pairs) in the Lm genome (Thomas et al., 1996) , and the enrichment of this particular DNA fraction in the total genomic probe accounts for the detection of these sequencespecific sites in Fa. In general, the Lm probe shows limited affinity with Fg and, apart from the terminal rDNA sites, it only hybridizes to the centromere region of a single pair of chromosomes (Fig. la, large arrows). Evidently, there is much closer homology between the Lm and Fp genomes than between Lm and Fg.
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The same kinds and the same pattern of GISH bands on Fp are also revealed by probing the Lp x Fa hybrid with total genomic DNA from Lp (Fig. id) .
Southern hybridization DNA from three Festuca species, Fa, Fp and Fg, digested with BamHI, show different levels of hybridization with total genomic DNA of Lm, corresponding to different levels of homology (Fig. 2) The results for the pTa7l probe are shown in the luminograph in Fig. 3 . The DNA of the four species was digested with three different restriction enzymes, EcoRI, Dral and BamHI. Because Fa is a natural hybrid between Fp and Fg, it would be expected to contain bands specific to its progenitor species. The BamHI digest is the most informative, and it demonstrates that the Fa bands derive from either Fp or Fg. it also shows that, for estimating relationships, the correspondence between dense and faint bands is as important as that between the dense bands. The difference in intensity of corresponding bands between Fg and Fa is caused by a difference in copy number. It is known from FISH (Thomas et al., 1997; this reported widely (Lehvaslaiho et a!., 1987; Xu & Sleper, 1994; Bulinska-Rodomska & Lester, 1998) and has led to calls to realign these species within a single genus (e.g. Darbyshire, 1993) .
In this work, segmental regions on the Fp chromosomes showed an especially high affinity with a total genomic DNA Lm probe. These 'GISH-banding' markers offer a new dimension to chromosome discrimination in plants. What is the genetic significance of these bands? The way in which the total genomic DNA of Lm detects the rDNA in Fp suggests an explanation for their origin. Localized regions of the Fp genome appear to be represented as multiples in Lm, and this could provide a possible mechanism for genome evolution in the Festucal Lolium complex. Another possibility is that some of them are repetitive sequences, common to Lm and Fp (Perez-Vincente et al., 1992) , which are thought to be dispersed in Lm but to be present in Fp in a localized tandem repeat arrangement. However, other larger genomic rearrangements known to occur in the evolution of repetitive DNA sequences (Flavell, 1980 ) cannot be excluded.
The close structure between the Lm and Fp genomes explains the high levels of homoeologous meiotic pairing and recombination that takes place between them (Humphreys & Thorogood, 1993) (Humphreys & Ghesquiere, 1994 The rDNA gene cluster has been used widely in phylogenetics (SchlOtterer, 1998) , and the restriction analysis carried out here further extends our knowledge of these particular regions and reveals the close evolutionary links between the rDNAs of Lm and Fp. This result agrees with earlier work by Charmet et at. (1997) , using the internal transcribed spacer (ITS), which also indicated these close relationships, as well as showing that Lolium is of more recent origin than Festuca. It is known, however, that rapid sequence changes are a characteristic feature of rDNA sites in plants (Flavell, 1986; Rogers & Bendich, 1987) . Such changes are generally attributed to the intergenic spacer (IGS) region, as was clearly demonstrated in Hordeum species (Molnar et al., 1989) . Furthermore, the rDNA loci can also change their map location (Dubcovsky & Dvorak, 1995) or may be lost under selection pressure resulting from adverse conditions (Fukui et al., 1994) .
Nevertheless, our restriction analysis shows that the Fa progenitors, Fp and Fg, have maintained their rDNA sequences in a highly conserved form, despite the fact that a number of the Fg original sites are no longer represented in Fa (Thomas et al., 1997) . This kind of analysis could be useful for studying the origins of other allopolyploids, such as F mairei (2n = 4x = 28) and F atlantigena (2n = 8x = 56).
There are practical implications that follow from our understanding of these species relationships. It has been shown, for example, that drought-tolerant genotypes among the recombinants from Lm x Fa backcrosses carry segments of Fp introgressed into the Lm genome (Humphreys & Paakinskienë, 1996) . The molecular basis of the close homology between Lm and Fp, which is demonstrated by this work, indicates that it can be expected to produce valuable and viable new germplasm through introgression breeding.
